A plasma membrane fraction was obtained by the combined use of differential centrifugation and aqueous polymer two-phase partitioning techniques. Vanadate-inhibited ATPase and glucan synthase activities were highly enriched in this fraction, although the presence of ATPase activity which was not inhibited by vanadate, nitrate, molybdate, anyimycin A or azide was also detected. Other intracellular membrane marker activities were present at very low or undetectable levels. A further separation step using Percoll density gradient Centrifugation resulted in the separation of a fraction which exclusively contained vanadate-inhibited ATPase activity, and was enriched with silicotungstic-acid-staining membrane material. Latency tests performed on the plasma membrane markers showed that the membrane vesicles were in the right-side-out orientation.
Introduction
Isolated plasma membrane vesicles are an important tool for studies of biochemical phenomena associated with this membrane. However, a good understanding of physiological processes, such as transport, ligand binding or changes in membrane potential, requires the use of preparations of unequivocally controlled purity and orientation.
Conventional centrifugation techniques present difficulties when used as the sole means of plasma membrane isolation (Scarborough, 1973 , since the inherent small differences between membrane populations, result in partly enriched rather than highly purified plasma membrane preparations (Bowman et al., 198 1 : Nagahashi et al., 1978) .
Selective precipitation methods using concanavalin A binding techniques (Scarborough, 1975 ; Stroobant & Scarborough, 1979) or a combination of pH changes, sonication and centrifugation (Fuhrmann et al., 1976 ; Franzusoff & Cirillo, 1983) have elegantly circumvented some of the above problems, but low yields, leaky membrane vesicles and inapplicability in other fungal systems have arisen as respective drawbacks (Bowman et al., 1981) .
Novel techniques combining the use of differential centrifugation and separation according to surface charge properties have been successfully applied to the isolation of plasma membranes from plant and animal tissues. Aqueous polymer two-phase partition and freeflow electrophoresis not only result in highly purified preparations but also discriminate between membrane vesicles of opposite orientation (Larsson et al., , 1988 Sandelius et al., 1986; Canut et al., 1987) . The uncritical use of single biochemical markers for assessing the purity of plasma membrane fractions has often been questioned and additional methods, such as surface labelling and EM observation, have been used in order to provide confirmatory evidence of plasma membrane purification (Boss & Ruesink, 1979 ; Bowman et al., 1981; Scarborough, 1975; Sandelius et al., 1986) . Additionally, limited 'attention to markers of other intracellular organelles which may contaminate plasma membrane fractions has compromised the degree of purity of many preparations. Finally, reports referring to the orientation of plasma membrane vesicle preparations obtained by centrifugation methods only describe the presence of mixed populations of right-side-out and inside-out vesicles (Monk et al., 1989; Randall & Ruesink, 1983) .
PenicilZium cyclopiurn is a filamentous fungus which can switch from vegetative growth to conidiation in liquid culture when Ca2+ (1-10 m~) is present (Ugalde & Pitt, 1983) . Ca2+ uptake by the fungus is biphasic, with an initial binding phase followed by uptake. The binding of Ca2+ to the apoplastic surface of the plasma membrane appears to be involved in the induction of conidiation (Ugalde et al., 1990) . Thus production of membrane vesicles of controlled orientation is necessary to investigate the molecular nature of this interaction.
Here a procedure is described for the isolation of highly purified right-side-out plasma membrane vesicles using aqueous polymer two-phase partitioning. Purity and orientation criteria involving enzymic and morphological markers are also critically examined.
Methods
Culture conditions. Penicillium cyclopium (IMI 229034) was cultured in a fermenter (101) with a defined medium at 25°C for 24h and harvested as described by Ugalde & Pitt (1983) , to obtain 5 M g biomass.
Preparation ofa microsomalfraction. The biomass was mixed with 50-60 ml homogenizing medium consisting of 5 m-EDTA, 0.2% BSA, 0.2% casein hydrolysate (previously boiled to inactivate proteases), 0.33 M-sucrose, 1 mM-dithioerythritol (DTE) and 1 mM-PMSF in 50 m~-3-[N-morpholino]-2-hydroxypropanesulphonic acid-1,3-bis-[Tris-(hydroxymethyl)methylamino]propane (MOPS-BTP), pH 7-5. Cell disruption was achieved in a Potter type homogenizer (5 g batches) with a scintered glass shaft, combining the gradual addition of 15 ml ice-cold homogenizing medium with 20 homogenization thrusts. The resulting crude homogenate (CH) was centrifuged at 5000 g for 5 rnin at 0 "C to remove cell wall debris and unbroken cells. The supernatant was centrifuged at 10000 g for 10 rnin at 4 "C to yield a brown and white pellet (10Kp). The supernatant (10 Ks) was in turn subjected to a 35000g centrifugation for 40 rnin at the same temperature. The pellet (35 Kp) was resuspended to a final volume of 10 ml in a resuspension medium (RM) consisting of 0.33 M-sucrose, 1 mM-DTE and 0.1 mM-EDTA in 5 mwpotassium phosphate, pH 7.5.
PurJicatwn ofplasma membranes. The method of Larsson et al., (1987) was essentially followed : 9 g of the 35 Kp suspension were loaded on to a precooled (0-4 "C) polyethylene glycol 3350/Dextran T 500 two-phase system of 27g. The resulting (36g) system contained 3w-KC1, 0.33 M-sucrose, 0.1 mM-EDTA, 1 m-DTE, 5 m-potassium phosphate, pH 7.8, and variable polymer concentrations as appropriate.
The phase system was subjected to 20 successive inversions followed by vigorous shaking by hand to ensure thorough mixing of the phases, and allowed to settle for 30 rnin in ice. Distinct phase separation was achieved by centrifugation at 2000g for 5 min in a refrigerated centrifuge with a swing-out rotor.
The resulting upper phase (Ul) was withdrawn by aspiration and consecutively separated against two freshly prepared lower phases (L2 & L3), giving upper phase U3. In a second stage, two freshly made upper phases (U' and U") were mixed and separated following the same steps, with the lower phases (Ll, L2 and L3). The resulting upper phases (U3, U3' and U3") and lower phases (Ll, L2 and L3) were pooled into an upper phase fraction and a lower phase fraction, respectively .
Phases were diluted with three volumes of RM and centrifuged at 1OOOOO g for 60 min at 4 "C. The pellets obtained were resuspended in the same medium and assayed immediately for membrane markers.
In some cases, the suspension was layered onto the top of a 27% (v/v) Percoll (Pharmacia) solution in the above medium, and centrifuged at 35000 g for 15 rnin in a Kontron TFT 65-13 fixed angle rotor resulting in the simultaneous formation of a density gradient and membrane separation.
Marker activities. Plasma membrane ATPase was measured as the disappearance of NADH, enzymically coupled to ATP hydrolysis (Nsrby, 1988) as adapted by Palmgren & Sommarin (1989) . An ATP regeneration system was also included and the assay mixture contained 1 mM-DTE, 0.33 M-sucrose, 4 mM-MgCl,, 2 mM-ATP, 50 pg pyruvate kinase ml-l, 25 pg lactate dehydrogenase ml-', 10 mM-MOPS-BTP, pH 6-7, and 40-5Opg protein. In order to inhibit non-specific phosphatases and mitochondria1 and tonoplast ATPases, 0.1 mMsodium molybdate, 1 m-sodium azide with 0.4 ywantimycin A, and 50 mwsodium nitrate were included, respectively. The difference between activities in the presence and absence of 100 pM-orthovanadate, an inhibitor of the plasma membrane ATPase (Bowman & Slayman, 1979) , was considered the true value for the activity of this marker.
Tonoplast ATPase activity was measured using the same reaction mixture as described above, except that pH was adjusted to 7.5 and nitrate was replaced by vanadate. The difference between activities in the presence and absence of 50 mM-sodium nitrate was considered the true value for tonoplast ATPase activity (Sze, 1985) .
Cytochrome oxidase activity (marker for the inner mitochondrial membrane) was assayed as described by Cooperstein & Lazarow (1951) . The reduction in A,,, associated with the oxidation of 0.1 mM cytochrome c in 50 mM-potassium phosphate, pH 7.5, was measured in a volume of 0.6 ml after the addition of 5-25 pg protein.
N ADPHcytochrome c oxido-reductase was used as an endoplasmic reticulum marker (Schekman, 1982) . The reduction of cytochrome c was measured at 550nm (Hodges & Leonard, 1974) . The 0.6ml reaction mixture contained 0-45 mbi-cytochrome c, 50 mM-potassium phosphate, pH 7.2, 3 mM-NADPH, plus 50 mM-NaCN and 0.4 p~-antimycin A, which were included to inhibit cytochrome oxidase activity.The reaction was\ started with 20-50 pg protein.
Latent IDPase, a commonly used marker of the Golgi body, was measured by the liberation of inorganic phosphate associated with IDP hydrolysis after incubation for 10 min at 30 "C in a 0.5 ml reaction mixture containing 5 mM-IDP, 5 mM-MgCl,, 10 mM-PIPES-Tris, pH 7-5, 0.1 mM-sodium molybdate and 40-100 pg protein (Hodges & Leonard, 1974) . The reaction was stopped by addition of 0.1 ml 50% (w/v) trichloroacetic acid (TCA). Latent activity was determined as shown in the enzyme latency section below.
5'-Nucleotidase is an accepted plasma membrane marker in animal cells which has also been used in fungi (Scarborough, 1975) . The hydrolysis of AMP with resultant liberation of inorganic phosphate was determined in a 0.5 ml reaction mixture containing 10 mM-AMP, 20 mM-PIPES-Tris, pH 7.5, 10 mM-MgSo4, 0.1 mM-sodium molybdate and 40-100 yg protein. Incubation took place for 30 rnin at 30 "C, and the reaction was stopped by the addition of TCA as above.
1,3-/&Glucan synthase is considered the most reliable enzyme marker for higher plant plasma membranes, and is also present in fungal plasma membranes. It was assayed according to the procedure described by Widell & Larsson (1990) . The assay mixture contained 50 mM-HEPES/KOH, pH 7.25, 0.33 M-sucrose, 0.8 m-spermine, 16 mM-cellobiose, 4 mM-EGTA, 4 mM-CaC12 (giving 80 pM-free Ca2+), 0.01 % digitonin, 1 mM-DTT and 1-25 pg protein. The reaction was started by addition of UDP-[3H]glucose (30GBq mol-') to a final concentration of 2 w. After 30 min at room temperature, the reaction was stopped by immersing the tubes in boiling water. Samples were gently filtered through filter paper (Whatman 3MM) and washed twice, by slow filtration, with 20 ml0.35 M-ammonium acetate, pH 3.6, containing 30% (v/v) ethanol. Incorporation of label in the cellobiose primer was measured by liquid scintillation.
Invertase (an extracellular enzyme which is contained in secretory vesicles) was assayed by a coupled enzyme assay involving glucose a-Amyloglucosidase is also contained in secretory vesicles. The procedure adopted for the determination of invertase was followed, with the exception that amylose (20 mg ml-l) was used as substrate and sorbitol (0.33 M) replaced sucrose as osmotic stabilizer. Background invertase activity resulting from the hydrolysis of residual sucrose from the membrane preparation was separately determined and deducted.
Silicotungstic acid (STA) staining. Electron microscopic observation of membrane fractions was conducted using the sample preparation methods reported previously (Ugalde & Pitt, 1984) , followed by the staining procedure described by Roland (1978) . Conditions resulting in selective staining of the plasma membrane were previously defined using whole cells as controls.
Enzyme latency tests. The orientation of membrane vesicles was determined by comparison of enzyme activities in the presence and absence of detergents. Triton X-100 (0.03%) was used in assays of vanadate-sensitive ATPase and IDPase, while 0.01 % digitonin was used for 1,3-/3-glucan synthase. The activity in the absence of detergent was attributed to open and inside-out membrane vesicles, and that in the presence of detergent was considered as total activity. The degree of latency (which corresponds to right-side-out vesicles) was calculated as the difference between the two, and was represented as the percentage of the total activity.
Miscellaneous determinations. Inorganic phosphate was determined by the formation of a coloured phosphomolybdic complex (Kitson & Mellon, 1944) . Protein was measured according to a modified method of Lowry which incorporated the elimination of interference by nonprotein material (Bensadoun & Weinstein, 1976) .
Data are generally presented as the mean of triplicate readings per experiment, derived from at least three experiments unless stated otherwise. Standard error figures are expressed as numerical values or as a percentage fraction of the calculated mean in cases where this is required for clarity.
Results
The distribution of various organelle markers after differential centrifugation of the crude homogenate is presented (Fig. 1) in terms of percentage of the total activity. Cytochrome oxidase activity was mostly found in the 10 Kp fraction (mitochondria1 fraction), while little remained in the microsomal fraction (35 Kp). Cytochrome c oxido-reductase, 5'-nucleotidase and IDPase were found mostly in the final supernatant (35Ks), suggesting that they were not membrane-bound.
ATPase activity was partially inhibited by vanadate, and the vanadate-sensitive portion was quantified separately from the rest, which was considered as inhibitor-insensitive ATPase, given the inhibitor cocktail present in the assay medium (see Methods). Both activities display an unequal distribution pattern in drial and microsomal fractions, while vanadate-sensitive ATPase activity was detected in all fractions, although the majority was in the 35 Ks supernantant fraction. However, the activities here displayed a lower degree of latency in the presence of Triton X-100 ( Fig. 2) with respect to the microsomal and mitochondrial fractions. In addition, further centrifugation of the 35K supernatant at lOOOOOg for 45 min did not result in pelleting of this activity. It was therefore, attributed to a soluble ATPase (Gallagher 8c Leonard, 1982) whilst the latent ATPase associated with the mitochondrial and microsoma1 fractions was taken as true plasma-membraneassociated activity. The membrane vesicles located in the microsomal fraction were comparatively more enriched in plasma membranes with respect to the mitochondrial fraction and were used in further purification steps.
The separation of the plasma membrane vesicles from the microsomal fraction in an aqueous polymer twophase system was initially calibrated by testing twophase systems of different polymer concentrations (Fig.  3) . The results show progressive exclusion of the intracellular membrane markers cytochrome oxidase and vanadate-insensitive ATPase from the upper phase, in contrast to the plasma membrane marker (vanadatesensitive ATPase), which mostly remained in the upper phase as the polymer concentration increased. A polymer concentration of 6.6/6.6 % (w/w) polyethylene glycol/dextran was chosen for further preparative work and details of the distribution of other markers under these conditions are illustrated in Table 1 .
In addition to vanadate-sensitive ATPase, another recognized plasma membrane marker, 1,3-B-glucan synthase, co-purified in the upper phase. On the other hand, Golgi body and endoplasmic reticulum marker activities collected in the lower phase, along with the mitochondrial marker. This also occurred with 5'-nucleotidase activity which did not follow the distribution of other commonly accepted markers of the plasma membrane. The tonoplast marker, nitrate-sensitive ATPase activity, was not detected in any of the fractions under the conditions employed.
When assays for vanadate or nitrate-inhibited ATPase were performed, a proportion of inhibitor-insensitive ATP hydrolysis was routinely detected in the upper phase fraction accompanying the plasma membrane markers, as well as in the lower phase ( Fig. 3 and Table  1 ). In addition to being insensitive to vanadate, nitrate, molybdate, and sodium azide, which were present in the reaction mixtures, ATP hydrolysis was absolutely dependent on the presence of magnesium ions.
Latency tests carried out on the marker enzymes for different organelles indicated high levels for those corresponding to the plasma membrane, particularly in the upper phase (Table 1) . This may be interpreted as the accumulation of right-side-out plasma membrane vesicles in that phase, as opposed to intracellular membranes and inside-out or open plasma membrane vesicles in the lower phase. The proportion of sealed and open plasma membrane vesicles was largely determined by the homogenization method and conditions adopted. Mild disruption with a Potter homogenizer yielded relatively high proportions of sealed right-side-out vesicles while the use of glass beads (Ugalde & Pitt, 1984) , largely yielded open plasma membrane vesicles. These could be separated in the upper phase of a different separation system using lower polymer concentrations (results not shown). The inhibitor-insensitive ATPase which accompanied the plasma membrane markers displayed a degree of latency which was considerably lower than the vanadatesensitive activity (Table 1 ) and this was considered as evidence in favour of the presence of two or more vesicle populations which could not be separated using modified two-phase systems with higher polymer concentrations (results not shown). However, Percoll density gradient centrifugation of the upper phase fraction yielded vanadate-sensitive ATPase activity, which equilibrated at a density of 1.05 g ml-l in a fraction giving a clearly visible white band, and vanadate-insensitive activity, which equilibrated at a density of 1.1 g ml-l with a faint green band (Table 2) .
Electron microscopic examination of the fractions stained with silicotungstic acid revealed specific staining of the majority of the membrane vesicles in the lower density band from the Percoll gradient as shown on Fig.  4 . The membrane preparations from the microsomal fraction (35 Kp) and the higher density band, contained a mixture of non-staining material, stained membrane vesicles (presumptive plasma membrane) and small particles in different proportions (results not shown).
The specific staining of membrane vesicles with silicotungstic acid together with the reduced levels of marker activities for intracellular membranes and the presence of vanadate-inhibited ATPase and 1,3-B-glucan synthase activities with high latencies provided strong evidence that plasma membrane vesicles of right-sideout orientation were obtained with considerable purity by the combination of separation methods used. U. 0. Ugalde and others 
Discussion
The methodology for the isolation of subcellular components is based on the assessment of yield and purity levels by means of biochemical and morphological markers (Quail, 1979) . A pure subcellular fraction is that which contains its characteristic markers, but is devoid of markers from other subcellular components. Therefore, the use of a wide selection of reliable and representative markers from different parts of the cell is indispensable in a purification process.
Although the isolation of subcellular components from fungi is practised routinely, information regarding the assignment of marker activities is sparse and largely based on knowledge from plant and animal systems, which may not be extrapolated in all cases, as has been shown even between different tissues (reviews, Quail, 1979; Widell & Larsson, 1990) .
In this study, the distribution of some of the most commonly used markers in the isolation of fungal plasma membrane vesicles has been assessed, and in a number of cases activities were distributed in more than one location. This common feature termed overrepresentation (Quail, 1979) was observed with vanadate-sensitive ATPase, IDPase, 5'-nucleotidase and NADPH-cytochrome c oxido-reductase, as they could be found in membrane-bound and solubilized form. Glucan synthase was determined in membrane fractions only and the distribution in the two-phase system could be due to the partition pattern of plasma membrane fragments or vesicles of various orientations, as well as the presence of this marker in secretion vesicles A soluble form of vanadate-sensitive ATPase similar to that described in corn roots (Gallagher & Leonard, 1982) has been found, and the evidence obtained in this study suggests that the only vanadate-sensitive ATPase in the particulate fractions corresponds to the plasma membrane enzyme. However, this activity may easily be masked in fractions where comparatively large proportions of inhibitor-insensitive ATPase are present, and it is therefore reliably measured only after partial purification. The inhibitor-insensitive ATPase is abundant in the microsomal fraction, which suggests that it may be associated with membranes in the secretion pathway, which would be expected in large quantities in young and rapidly growing cultures such as those used. A vanadateinsensitive Golgi-associated ATPase has been reported in plants (Ali & Akazawa, 1986; Hager & Biber, 1984) .
IDPase activity appears to be found mostly in soluble form, which may also be due to interference by molybdate-resistant phosphatases (Bowman & Bowman, 1982) , or non-specific nucleotide diphosphatases (Vara & Serrano, 1981; MorrC, 1990) . The form found in particulate fractions demonstrates some latency, and Plasma membrane vesicle preparation 221 1 could correspond to the membrane-bound activity described in Golgi and secretory vesicles (Chanson et al., 1984; Camirand et al., 1987; MorrC et al., 1977) . However, the levels of IDPase activity detected in this system, in clear contrast with the vanadate-insensitive ATPase, are very low and are problably not representative of the distribution of Golgi bodies within the intact cell. 5'-Nucleotidase (EC 3.1.3.5) has been widely used as a convenient and reliable marker for animal plasma membranes. However, reports suggest that it is not a suitable plasma membrane marker in fungal systems (Scarborough, 1975; Marriott, 1975) . The results obtained in this study show that its activity is mostly in soluble form and that the low levels associated with particulate fractions are not associated with the plasma membrane.
The most commonly used marker for the endoplasmic reticulum, NADPH-cytochrome c oxido-reductase, was found in soluble and membrane fractions. Some activity remained in the plasma membrane fraction of Penicillium cyclopium. Although it has been reported to be mostly associated with the endoplasmic reticulum, other locations including the plasma membrane have been reported (Widell & Larsson, 1990) . Redox processes occurring at the level of the plasma membrane in plants have been described (Mraller & Crane, 1990) which have also been observed in P . cyclopium (W. Roos, personal communication) and could involve this enzyme. Thus, the presence of this activity in plasma membrane fractions does not necessarily indicate contamination by the ER.
Tonoplast membrane has been reported to contain nitrate-inhibited ATPase in plant systems (Sze, 1985) , and tonoplast vesicles of Penicillium cyctopium have been isolated which contain this activity (W. Roos, personal communication). However, it was undetectable in this study, possibly due to the short incubation period (24 h) chosen for the production of biomass, in which relatively few vacuoles could be seen in hyphae in comparison with older cultures. The use of alternative markers, such as amannosidase had previously been dismissed on the basis of reported low activities in other fungi (Bowman et al., 198 1) .
One of the most reliable markers for the plasma membrane in plant systems is 1,3-P-glucan synthase (Widell & Larsson, 1990) , and in yeast it is mostly associated with the plasma membrane, in contrast with chitin synthase, which is also found in chitosomes (LealMorales et al., 1988) . In the present study the marker accompanied the activity of vanadate-sensitive ATPase and showed comparable levels of latency. The activity remaining in the lower phase showed low latency levels, and could be due to activity in inside-out vesicles and/or secretion vesicles whose zymogenic form may have been activated by the action of proteases during sample manipulation.
The specific staining of plant plasma membranes in situ using phosphotungstic and silicotungstic acid (Roland et al., 1972) has been widely used as a morphological marker to determine purity in plasma membrane fractions, with some criticism regarding specificity ( Boss & Ruesink, 1979; Nagahashi et al., 1978; Quail, 1979) . However, strict control of staining conditions using whole cells results in a high degree of specificity with subcellular fractions (Sandelius et al., 1986 ; MorrC, 1990) and this has been shown also to be true for fungal material in this study. Moreover, electron micrographs of the final preparation show little contamination by non-plasma-membrane material, which suggests that the plasma membrane preparation is of very high purity.
The coincidence of all three markers (vanadatesensitive ATPase, 1,3-P-glucan synthase and silicotungstic acid staining) chosen for the determination of the plasma membrane, and the near absence of activities corresponding to other subcellular components, confirms that the plasma membrane vesicles obtained by a combination of aqueous polymer two-phase partitioning and density gradient centrifugation yields a preparation of exceptionally pure plasma membrane vesicles.
Latency tests with vanadate-sensitive ATPase and 1,3-P-glucan synthase reveal that these enzyme activities may be increased several-fold in the presence of detergents and this leads to the conclusion that the majority of the vesicles are in the right-side-out configuration (i.e., the plasma membrane has the same orientation as in the living organism). However, detergents are also known to influence the kinetic properties of enzymes such as the plasma membrane ATPase of yeasts and plants (Monk et al., 1989; Palmgren et al., 1990) . Such kinetic effects have not been examined in this study, but the detergent concentrations used are below those reported to alter the kinetic properties of these enzymes, so the latency values reported are probably not influenced by this artefact.
